Together, these observations suggest that group II introns in bacteria behave primarily as retroelements rather than as introns, and that the strategy for group II intron survival in bacteria is fundamentally different from intron survival in organelles.
INTRODUCTION

Overview
Group II introns were initially discovered and studied in organelles of plants, fungi and other lower eukaryotes where they are relatively abundant. Studies of these introns, particularly yeast mitochondrial introns, uncovered their fundamental properties. The introns were found to be catalytic RNAs that self-splice in vitro with a mechanism analogous to nuclear pre-mRNA splicing (1, 2) . Some group II introns were observed to encode reverse transcriptase open reading frames (RT ORFs) (3) , and were shown to be active retroelements (4, 5) that utilize a mobility mechanism similar to nuclear non-long teminal repeat (non-LTR) retroelements (6, 7) .
In 1993, group II introns were discovered in bacteria (8) . Because the bacterial hosts (Azotobacter and Calothrix) were related to the ancestors of mitochondria and chloroplasts, the finding prompted the idea that mobile group II introns originated in bacteria and subsequently spread to the organelles (8, 9) . By now, as a consequence of the genome sequencing projects, it is clear that group II introns are very widely distributed among bacteria, and are not confined to relatives of mitochondria and chloroplasts. Over 20 full-length group II introns have been reported in diverse bacteria (10, 11) and at current rates of reporting, bacterial group II introns may eventually exceed organellar group II introns both in number and structural types. Because of the growing number of reported bacterial group II introns and many incorrect annotations in the public databases, it is useful to compile accurate information about their presence in bacteria.
Mobility properties of group II introns
Group II introns exist in ORF-less and ORF-containing forms. ORF-less introns consist of only the six domains of the catalytic RNA structure, and have a size of ∼600 nt, although some introns have sizeable extraneous insertions. ORF-containing introns encode an RT-related reading frame that is always inserted into domain 4 of the RNA structure, giving a total intron size of 2-3 kb. The ORF has three domains: an RT domain, domain X and the Zn (nuclease) domain, which is optional in some introns (11) (12) (13) . Domain X is associated with maturase, or splicing activity. During splicing, the intronencoded protein binds to unspliced intron and the maturase activity stimulates the self-splicing reaction. All three domains (RT, X and Zn) participate in the mobility reaction.
The main mobility event of group II introns is homing, which is the site-specific insertion of introns into intron-less alleles. Homing occurs in yeast mitochondria during genetic crosses when only one strain contains the intron, or in bacteria when homing site DNA is introduced into a bacterial cell that contains an intron. Homing is highly site specific and occurs at an~30 bp target site, spanning roughly from -20 to +10 relative to the insertion site (14) (15) (16) . Because the target site contains both upstream and downstream flanking sequences, the intron can only insert into homing sites that are not already filled by intron.
The mechanism of homing, known as target-primed reverse transcription (TPRT), is carried out by the RNP particle that is the end product of splicing (RT bound to intron lariat). First the *To whom correspondence should be addressed. Tel: +1 403 220 7933; Fax: +1 403 289 9311; Email: zimmerly@ucalgary.ca intron reverse splices into the DNA target site, a reaction inherently RNA catalyzed but assisted by the intron-encoded protein. The Zn domain nicks the bottom strand 9 or 10 nt downstream of the insertion site, and the RT reverse transcribes the intron. Recombination functions are thought to complete the insertion reaction. Much more thorough detail on the transposition mechanism can be found in other reviews (12, 13) .
Group II introns also insert into non-cognate sites at low frequencies (retrotransposition), which can lead to colonization of new genomic locations. Retrotransposition has been reported for yeast cox1I1 (17, 18) , Podospora anserina cox1I1 (19) , L.l.I1 (20) and S.me.I1 (21) , and is thought to occur by the same basic mechanism as TPRT but into cryptic homing sites (18) . (L.l.I1 and S.me.I1 are named Ll.ltrB and RmInt1 elsewhere, but are abbreviated here for consistency according to Table 1.) So far, mobility mechanisms of bacterial group II introns are essentially the same as for mitochondrial introns (22, 23) . The main difference is that yeast mitochondrial introns rely heavily on host repair activities and usually co-convert flanking markers (24, 25) , whereas the bacterial introns L.l.I1 and S.me.I1 do not require recA function and do not co-convert flanking markers (26, 27) . The distinction has been explained by the complete reverse transcription of reverse spliced intron for bacterial introns, but incomplete reverse transcription for yeast introns followed by host-encoded double-strand break repair processes, which co-convert one or both exons (24, 25) . (11, 29) . m The ORF has a frame shift in domain X; without the frame shift, the ORF encodes 407 amino acids. n The ORF has a frame shift in RT domain 6; without the frame shift the ORF codes for 273 amino acids and lacks domain X. o S.ma.I1 has not been assigned to an ORF or intron RNA class. Its RNA domain 5 contains several mispairs and mutations and the intron may be a degenerate form of an existing class or possibly a new class. p The ORF has frame shifts in RT domains 0 and 2 and in domain X. q The ORF has a frame shift in RT domain 0; without the frame shift the ORF is 392 amino acids. r The ORF has frame shifts in RT domain 4 and domain Zn. s The intron is inserted into the wrong strand (see Fig. 1E ). t The ORF has a stop codon in domain X; without the stop codon readthrough, the ORF encodes 427 amino acids. Surprisingly, yeast introns are mobile at levels of ∼40% when RT activity is eliminated by mutations (5, 25) , indicating that the most critical activity for mobility in yeast mitochondria is double-stranded DNA cleavage (reverse splicing plus antisense strand cleavage). In contrast, all bacterial introns contain the YADD motif but few encode Zn domains that cut the antisense strand (10, 11) , suggesting that RT is the most important activity for mobility in bacteria. These differences are most easily rationalized by differences in host activities rather than inherent differences in intron mobility mechanisms.
Interestingly, the highly studied bacterial L.l.I1 intron is closely related to mitochondrial introns and belongs to the same phylogenetic class, while it is more distantly related to most other bacterial introns (10, 11 (10-30%) . This has been rationalized by functional substitution of cellular nucleases for the Zn domain's activity (27) . Other splicing and mobility properties of S.me.I1 are mainly consistent with activities of L.l.I1 (21, 27, 28) . Previously we speculated that some phylogenetic classes of introns may have mobility properties diverging from those of mitochondrial-type introns (11) . While experimental data so far do not demonstrate this, observations discussed below support the possibility that there may be variations in mobility properties for different types of bacterial introns, or a continuum of features.
A model for the evolution and spread of group II introns
In efforts to illuminate how group II introns have spread among bacteria and organelles, phylogenetic characterization of the intron-encoded RTs categorized seven classes of ORFs (10, 11) . In Zimmerly et al. (11) and here, these classes are denoted the mitochondrial class, chloroplast-like classes 1 and 2, and bacterial classes A, B, C and D. The compositions of the phylogenetic classes are mixed, suggesting horizontal transfers among organelles and bacteria, particularly within the chloroplastlike classes (11) . Bacterial introns are in fact found in all seven phylogenetic classes, indicating great diversity of group II introns in bacteria. While the phylogenetic data are consistent with an origin of mobile group II introns in bacteria followed by spread to organelles, the poor statistical support for a branching order prevents clear definition of a history (11) . Subsequent analysis of the intron RNA secondary structures showed that the RNA structure co-evolved with the RT ORF (29) , with each phylogenetic class of ORF being associated with a distinct RNA structure. For simplicity in this manuscript, we use the phylogenetic class names to refer to both ORF and intron RNA structural classes, although strictly, the names refer to ORF phylogenetic classes.
COMPILATION OF GROUP II INTRONS IN BACTERIAL GENOMES
Group II introns and their fragments were identified in GenBank using standard BLAST searches available at the NCBI web site (http://www.ncbi.nlm.nih.gov/BLAST). The database was first searched using TBLASTN (protein query versus translated nucleotide database) using diverse group II intron ORFs as queries, which identified ORFs and ORF fragments. Next, the database was searched using BLASTN (nucleotide query versus nucleotide database) using intron RNA sequences as queries (excluding the ORF sequences), thereby identifying fragments of intron RNAs or possibly ORF-less introns. Because RNA structural sequence is poorly conserved, the RNA sequences of each full-length and fragmented intron were separately used as queries (about 40 queries in all). All identified ORF fragments were scanned for frame shifts that might extend the reading frames due to mutations or sequencing errors (noted in Table 1 footnote). Intron boundaries were located by folding the RNA structures, mainly according to previously determined foldings of group II introns (29) . Without exception, related ORFs were associated with related intron RNAs, which easily allowed identification of RNA boundaries for these introns, or points of fragmentation. RNA domains 5 and 6 were located readily because they are highly conserved in sequence and structure, while domains 1-4 were more difficult to assess. Sequences that could not be folded into group II intron structures were considered fragments (alternative RNA foldings were considered, but are very difficult to evaluate). In most cases, an intron categorized as a fragment was supported by either ORF fragmentation or an identifiable break in alignment to a closely related RNA sequence. Exceptions are A.g.F1, P.ae.F1 and S.ma.F1 (all identical), and B.j.F1, which all lack identifiable RNA domains 1-4 and could not be folded into group II intron structures. Still, it cannot be excluded that these 'fragments' may be fulllength introns having atypical or unrecognized RNA structures. Similarly, S.ma.I1 is full length but has mispairing in domain 5 and cannot be folded into a convincing structures, suggesting that S.ma.I1 is either a degenerate intron structure or an unrecognized subclass of RNA structure.
Full-length introns
Thirty-one full-length group II introns were identified having complete intron RNA structures (domains 1-6) and full RT ORFs [domains 0-7, X; domain Zn is considered optional; see Zimmerly et al. (11) for domain definitions; Table 1 ]. Of these, only 12 are correctly identified as group II introns in GenBank with accurate annotation of ORF and intron/exon boundaries. As noted previously (10, 11, 30) , bacterial group II introns are mostly located in plasmids or other mobile DNAs. At least 23 of the 31 introns are located in mobile DNAs, including pathogenicity islands (S.f.I1) and virulence plasmids (B.a.I1, B.a.I2, E.c.I5). Interestingly, none of the 31 introns is inserted into a predicted essential or housekeeping gene, except X.f.I1 (discussed below). Insertion sites fall into five categories, depicted in Figure 1A -E. In the first category, the introns are clearly inserted into ORF-encoding exons. Unexpectedly, this only accounts for 14 of the 31 introns. Correct identification of intron boundaries for these introns often redefines the annotated protein products of the host gene. The B.a.I1 intron, for example, is reported simply as an RT ORF (pX01-07), but identification of the intron boundaries links together its upstream exon (pX01-08) with a short unannotated downstream reading frame (Fig. 1A) . In the second class, introns are apparently inserted between genes (e.g. B.j.I1; Fig. 1B ). The criterion for this class is that the largest potential ORF surrounding the intron encodes a protein of less than 100 amino acids with no significant BLAST matches. The third class constitutes all members of bacterial class C, whose introns insert directly after rho-independent terminator sequences (discussed below, and shown in detail in Fig. 2C ). The S.p.I1 intron, for example, is positioned directly after a putative terminator structure (Figs 1C and 2C), and the longest potential ORF surrounding it is 18 amino acids with no BLAST matches. For introns of the fourth class, it is not clear whether or not the intron is located within a gene. The E.c.I5 intron is inserted outside of a gene according to GenBank annotation, but the downstream reading frame could be extended upstream of the intron to utilize a start codon with a credible Shine-Dalgarno sequence (Fig. 1D) . Similarly, the R.r.I1 intron is located in a hypothetical ORF of 189 amino acids, but the ORF has no significant BLAST matches. The final type of insertion is exemplified by the X.f.I1 intron, which is inserted into a housekeeping gene, but in the wrong orientation (Fig. 1E) . The intron cannot be spliced out from the host gene's mRNA and intron insertion has effectively 'knocked out' the host DNA methyltransferase gene. Other full-length introns not illustrated in Figure 1 are available as Supplementary Material.
Fragments of introns
Nine partial group II intron sequences were found which are incompletely sequenced introns or intron fragments (Table 2) .
Other than these, 42 true fragments were found for which flanking sequences are available ( Like full-length introns, the fragments are often located either within plasmids or mobile DNAs (at least 15 of 42), or are flanked by mobile DNAs (7 of 42). Host elements again include virulence plasmids and pathogenicity islands (S.f.F1,
S.f.F2, S.f.F3, Y.e.F1, Y.p.F1).
In most cases the mechanism of fragmentation is not apparent. Of the 42 fragments, 16 are 5′ truncated, 10 are 3′ truncated, 12 are truncated at both ends and four are internally deleted. Perhaps the most obvious candidate mechanism for fragmentation is incomplete reverse transcription of the intron during TPRT, which would cause 5′ truncations and would be analogous to truncations of almost all copies of non-LTR retroelements in eukaryotic genomes. Only 38% of bacterial introns are 5′ truncated, and so incomplete reverse transcription may account for a portion of truncations, but is not the primary source. For some introns, specific fragmentation events are evident. The E.c.I4 intron is reported in full-length form in GenBank accession nos AB024946 and U97489, but in AE000133 is truncated at its 3′ end by the insertion of a fulllength IS5 element in the opposite orientation (Fig. 1F) . S.f.F2 contains a continuous deletion of 522 bp of upstream exon and 34 bp of intron, which might be due to a single deletion event after intron insertion, or possibly inaccurate 5′ resolution during intron insertion. Other fragments are positioned next to repeat sequences that might be remnants of the truncation event. Directly upstream of the M.t.F1 fragmentation boundary is a 5 × 9 bp microsatellite repeat. Downstream of the deletion point in RT domain 4 of M.le.F1 is a 53 bp inverted repeat that could form a perfect 23 bp stem loop. M.le.F1 has apparently propagated within the genome as part of a larger, uncharacterized repetitive DNA because the fragment is present 10 times in the Mycobacterium leprae genome in a 2382 bp repeat, each of which contains RT domains 1-4 with a stop codon between domains 1 and 2 and a transposase fragment downstream of the inverted repeat.
PREVALENCE OF GROUP II INTRONS IN BACTERIAL GENOMES
To gain a more accurate picture of the prevalence of group II introns in bacterial genomes, we examined the set of fully sequenced genomes. Of 63 sequenced eubacterial genomes (NCBI:
http://www.ncbi.nlm.nih.gov/PMGifs/Genomes/ micr.html; October 31, 2001), 32% (20 of 63) contain either a group II intron or fragment; 14% (9 of 63) contain a full-length intron while 24% (15 of 63) contain at least one fragment. The most frequent hosts are gamma proteobacteria (29 introns and fragments) and the Bacillus/Clostridium group of Gram-positive bacteria (24 introns and fragments). However, these two groups have been the most heavily sequenced, and so there is no clear bias of group II introns to particular classes of bacteria. Similarly, there is no apparent segregation of intron classes to particular bacterial groups, consistent with substantial horizontal transfers of the introns among eubacteria (11) . So far, no group II introns have been reported in archaebacteria out of 11 archaeal genomes sequenced. If group II introns are present in archaebacteria, they are probably less common than in eubacteria, or too divergent to recognize easily.
It is important to note that the absence of group II introns in a sequenced genome does not mean introns are absent from all strains of the species. For example, five group II introns have been reported so far in various Escherichia coli strains (here referred to as E.c. Table 1 because their sequences are not available in GenBank; partial sequences are available in Ferat et al. (30) ]. However, of the 72 E.coli strains in the ECOR collection, only 18 strains contain an intron, and at most there are two of the five introns in a strain (30) . On the other hand, the S.me.I1 intron is present in 83 of 85 isolates of Sinorhizobium meliloti, with 1-11 copies per strain (28). The C.d.I1 intron is present in just one copy in each of five natural isolates examined (31) . So, intron content among strains is very spotty for some bacterial species, but more uniform for others.
I1, E.c.I2, E.c.I3, E.c.I4 and E.c.I5). [E.c.1 and E.c.3 are not included in
MULTIPLE HOMING SITES
Since group II introns are highly site-specific mobile elements with target sites of~30 bp, it is surprising to find that some bacterial introns are inserted into multiple natural targets. Multiple target sites for bacterial introns may be due to either a larger genome size that presents more potential target sites, or to relaxed target site specificity. The L.l.I1 intron is found in two genes, a relaxase of plasmid pRS01 and mobilization protein A of plasmid pAH82 (Fig. 2A) . While the introns are 99% identical in sequence, the insertion sites are only 69% identical (24 of 35 bp) in the experimentally defined homing site (-26 to +9) (16) . However, DNA sequence is conserved beyond the homing site, suggesting that the introns have inserted into homologous locations of related mobilization genes. In this case, the most critical positions for target recognition are conserved, and the two targets are consistent with rules of recognition defined experimentally for this intron (32, 33) . Similarly, the E.c.I4 intron has three target sites (Fig. 2B) . GenBank reports two examples each of E.c.I4 introns inserted into IS629 and IS911 sites in E.coli or closely related Shigella; a third example comes from Y.p.F1, which is 93% identical to E.c.I4 but has a different upstream sequence. The three insertion sites are only 57% identical (17 of 30 bp) upstream of the intron (Y.p.F1 is missing the 3′ exon). Here again, the sequence common to all three suggests a consensus sequence for the homing site.
More unusual are the multiple insertion sites of bacterial class C introns. All are inserted directly after potential rhoindependent terminators, but otherwise the target sequences vary in sequence. The genome of Bacillus halodurans contains five full-length and three fragmented copies of the B.h.I1 intron, all >99% identical. Four of the full-length introns are located at analogous locations at the end of rRNA clusters, while one copy is located in an unrelated position between two hypothetical genes. Of the four rRNA insertion sites, each is completely identical upstream of the intron, and non-identical downstream (Fig. 2C) , a pattern inconsistent with conventional group II intron homing sites that span from approximately -20 to +10. The pattern is explained by the observation that the introns are positioned directly after a putative terminator [ Fig. 2D ; first observed in Granlund et al. (34) ]. Two fragments of B.h.I1 are also located downstream of a putative terminator, and the fifth B.h.I1 copy is located after an imperfect terminator structure. In fact, all introns of bacterial class C are inserted behind potential rho-independent terminators (Fig. 2C) , but apart from the potential stem-loop structure, there is little sequence conservation for a given intron. The lack of target sequence conservation raises questions about insertion site specificity for this class of introns, and suggests that different principles may be at work compared with other group II introns characterized to date.
It is interesting to consider the consequences of intron insertion behind a transcriptional terminator. Retroelements have evolved ingenious strategies to prevent host damage. Group II introns, for example, generally avoid host damage because their splicing property removes them at the RNA level, which allows them to insert nearly anywhere in a genome without greatly affecting host gene expression. Insertion after a terminator is another way to prevent damage, because the introns will insert outside of genes, and simultaneously will be transcribed at a low level. The perplexing question is this: If introns of bacterial class C never insert into genes, why do they need to splice? The answer would appear to be that the only purpose of splicing is for transposition, since splicing and reverse splicing are expected to be required for insertion into a new site.
SPREAD OF INTRON FAMILIES
A number of closely related introns have been independently reported in different strains, genomic locations and bacterial species, or in full-length or fragmented form, and suggest specific examples of intron spread. The best example is the E.c.I4 family, whose members are >93% identical in E.coli, Shigella and Yersinia. Figure 3 shows a model for intron spread among the species and homing sites. At some point the intron transferred between E.coli and Shigella, in either direction. Because the IS629 sequences in E.coli and Shigella differ by 41 polymorphisms out of 436 bp, while the introns have only 14 polymorphisms over 2 kb, it appears that the intron independently inserted into the two IS629 sites rather than transferring between the two species via the host IS629 element. In Shigella, the intron ORF accumulated three frame shifts, which presumably inactivated its mobility function. In E.coli, the intron inserted into both IS911 and IS629 sites, with one intron in IS629 becoming truncated by the insertion of an IS5 element. At some point the intron was passed between E.coli and Yersinia, again in either direction. In Yersinia, one copy became truncated at its 3′ end by an unknown mechanism. Another copy in Yersinia enterocolitica became truncated for all but the 3′ portion (Table 3 ) and is not shown in the figure.
Other
families include introns of bacterial class C: B.h.I1 (five copies)/B.h.F1-F3 (>90% identity); P.p.I1/P.a.I1/P.a.I2/ P.sp.F1/P.p.F1/P.p.F2 (>88% identity); S.p.I1/S.ag.I1./S.p.F1-F5
(>90% identity); and S.me.I3 (two copies)/S.me.F1 (>98% identity). All introns in these families are found in closely related species and are inserted after non-identical terminators (Fig. 2C) . Although there are many intron fragments in Bradyrhizobium japonicum (Table 3) , they are not closely related and do not form a coherent family.
COMPARISON OF BACTERIAL AND ORGANELLAR GROUP II INTRONS
The insertion patterns described here differ markedly from intron distribution in organelles, where the introns are inserted in conserved genes and are very rarely fragmented. These differences could be due to biochemical properties of the introns themselves, or may be due to effects of the host cells such as available host cofactors or competing biochemical processes. At this point we will consider differences between bacterial and organellar group II introns.
Location of introns
While almost all organellar group II introns are located in conserved genes that are critical to cellular function (e.g. subunits of cytochrome oxidase, NAD dehydrogenase, rubisco), nearly all bacterial introns are associated with mobile DNAs and, strikingly, no bacterial group II introns have yet been found in highly conserved or housekeeping genes, with the exception of X.f.I1 which has inactivated its host gene. Nearly half of bacterial group II introns are located outside of genes, and even with the exclusion of bacterial class C, >20% of bacterial introns are putatively outside of genes. Given that the gene density of bacterial genomes is ∼90% (35, 36) it appears that there is moderate selection against insertion into genes, and strong selection for insertion into mobile DNAs. Why the nonrandom distribution? One possibility is that insertion into Table 3 . Intron fragments a mobile DNAs gives a replicative advantage. While this may be true, it seems unlikely to account entirely for the distribution. IS elements do not transpose frequently, and even introns that have inserted outside of mobile DNAs are not inserted into conserved genes. A more likely explanation is that the introns interfere with host gene expression on some level. Group I introns in bacterial genomes have been observed to be similarly excluded from ORFs and instead are inserted into tRNA and rRNA genes (37) . This has been rationalized as interference with splicing due to simultaneous transcription and translation, with ribosomes progressing through the intron before it can be spliced out (37) . Bacterial group II introns also might splice poorly for the same reason, or for other reasons such as inefficient catalytic RNAs, inefficient maturase activities or absence of host splicing cofactors. Previously, we noted that at least some bacterial introns have poorly conserved maturase (X) domains (11) , which might indicate less developed splicing function. There may be other less obvious ways that an intron might compromise function of its host gene, such as a greater metabolic cost of selfish DNAs in a conserved region than in a poorly transcribed region.
Fragmentation
Another difference of bacterial group II introns is that they are very frequently fragmented. While intron fragmentation in organelles is rare [1 in 51 based on compilation in Zimmerly et al. (11) ], >50% (42 of 73) of bacterial group II introns are fragmented. The high frequency of intron fragments in bacterial genomes suggests a much higher rate of intron gain and loss compared with organellar genomes. Bacterial introns may move to new locations to balance out intron loss due to degenerations, while organellar introns occupy a genomic position for a longer time, and cannot afford to become fragmented because the host genes are highly conserved.
Why are there no reported ORF-less introns in bacteria?
While the majority of organellar group II introns are ORF-less, so far no ORF-less introns have been identified in bacteria. The closest example is P.al.F1 (38) , which superficially resembles an ORF-less intron, but instead appears to be a derivative of P.a.I1 deleted for the ORF and also intron RNA domains 2-4 and part of domain 1. Why have no ORF-less introns been identified in bacteria? One reason may be that they would be very easily overlooked if they are not inserted into conserved genes. We have thoroughly searched without success for ORF-less introns related to ORF-containing introns, but have only identified fragments (Table 3) . Additional BLAST searches based on the highly conserved domain 5 identified only ORF-containing introns in bacteria and no ORF-less introns (N.Toor and S.Zimmerly, unpublished results). It is probably safe to say there are no ORF-less introns in bacteria closely related to currently known ORF-containing introns, and that if ORF-less group II introns exist in bacteria, they are rare. Of course, it is impossible to discount the existence of bacterial ORF-less introns because they cannot be found with a given search strategy.
Are there differences in mobility and splicing activities?
Previously we speculated that different phylogenetic classes of introns may have different mobility properties compared with characterized mitochondrial introns (11) . The introns most likely to support this prediction are introns of bacterial class C, which insert exclusively after terminator structures. These introns are unique structurally because their of abbreviated and unusual RNA secondary structures with a shortened domain 5 (10, 29, 34) . One bacterial class C intron was shown to selfsplice in vitro (S.ag.I1), although through hydrolysis rather than a lariat (34) . Therefore, at least one intron of this class is competent for self-splicing even though no intron in the class is located in a gene.
Target site specificity for bacterial class C appears to be relaxed compared with other group II introns. Some degree of site specificity is suggested by B.h.I1 because four introns have inserted directly after identical 5S rRNA terminator sequences; however, the downstream sequences are non-identical, which goes against principles of conventional homing sites. Other than these four B.h.I1 copies, all other bacterial class C introns insert into different DNA sequences, but always after a terminator. The terminator sequences might influence DNA recognition through its inverted repeats, analogous to the recognition of inverted repeats by other proteins (34) . It is also possible that the terminator structure is recognized at the RNA level, since almost all of the putative stem-loops contain G-U base pairs (Fig. 2 ). An intriguing possibility is that intron mobility for this class may occur at the RNA level with a mechanism distinct from TPRT, possibly by reverse splicing into an RNA transcript at its terminator, reverse transcription of intron and upstream exon, and integration of the cDNA into the genome.
Other than bacterial class C, there is little indication for differences in mobility mechanisms or properties, although there may well be variation in site specificities, efficiencies of homing or splicing efficiencies. Variation in homing efficiency is probably expected due to host environment. The L.l.I1 intron is efficiently mobile in Lactococcus (10-30%) (39) , but when the intron is introduced into E.coli, mobility drops at least 100-fold and is detectable only using a selectable marker a Column headings are as for Table 1 within the intron (26) . This difference in mobility has been attributed to endogenous nucleases in E.coli, which nick the intron RNA and prevent complete reverse transcription of intron during mobility (22, 33) . Such differences in host environment may explain why introns have essentially saturated some genomes (S.meliloti; 28) and not others (E.coli; 30).
Another possible difference in mobility is suggested by the observation that the S.me.I1 intron is highly mobile after the initial introduction of homing site DNA to a cell, but mobility is shut off after several cell divisions (27) . The mechanism for this burst followed by immobility is not fully explained. It is not known how general an effect this will be across bacterial species, but it could contribute to unexpected dynamics of intron spread in different organisms.
DO GROUP II INTRONS IN BACTERIA BEHAVE MORE LIKE RETROELEMENTS OR INTRONS?
The insertion patterns of bacterial group II introns raise fundamental issues about their role in bacteria. Comparison of bacterial and organellar introns suggests that the strategies for intron survival are intrinsically different. We predict that introns in bacteria have adapted to function mainly as retroelements, while introns in organelles have adapted to function mainly as introns.
Organellar group II introns can be considered to function primarily as introns because most organellar introns lack ORFs and are not mobile. Splicing of organellar introns is required to be highly efficient because the introns are located in housekeeping genes (e.g. cytochrome oxidase) with up to a dozen introns per gene. Organelles have recruited many proteins to aid splicing of group I and group II introns. Such protein factors function either directly or indirectly, and with varying degrees of intron specificity (13, (40) (41) (42) (43) . Even introns that encode active maturase activities (e.g. Saccharomyces cerevisiae cox1I1 and cox1I2) require additional accessory proteins for efficient splicing in vivo (43) . Thus, group II introns in organelles are required to splice efficiently, and evolution has recruited multiple host proteins to optimize the splicing reaction.
In contrast, bacterial introns are not required to splice efficiently because they are not present in conserved genes and are often located outside of genes. It is not clear that splicing cofactors will be provided by the bacterial host cells, particularly if the introns are transferred among distantly related bacteria. No introns have yet been identified in bacteria that are expected to function only in splicing (i.e. ORF-less introns or introns with degenerate ORFs); however, there are many examples of introns that resemble retroelements due to insertion into the wrong strand of a gene, insertion outside of genes or insertions after a terminator structure. Group II introns in bacteria can be considered 'guilty by association' in that they are often inserted within IS elements, truncated by IS elements or flanked by IS elements, suggesting that bacterial group II introns are subject to similar selective pressures as IS elements. Finally, the high rate of fragmentation suggests that bacterial introns are gained and lost frequently. In contrast to organellar introns, bacterial group II introns have many characteristics of retroelements, and their intronic character is less prominent.
These differences suggest fundamentally different strategies for intron survival in bacteria versus organelles. In organelles, intron mobility is highly efficient, highly site specific and targeted to conserved genes, a strategy suited to a small, tightly packed genome. A possible life cycle for an organellar intron might be gain of intron by homing, degeneration of ORF or intron but maintenance of splicing function, possibly ORF loss, and finally precise intron deletion. In bacteria, on the other hand, the frequent fragmentation of introns suggests a life cycle of constant insertions into new locations followed by fragmentation and loss. Survival of group II introns in bacteria appears to rely on constant movement, whereas intron survival in organelles appears to rely on a comparatively stable position in conserved genes with concomitantly efficient splicing function.
EVOLUTIONARY SPECULATIONS
If bacterial introns are indeed the most primitive of mobile group II introns, then their retroelement features would suggest an ancestral state. Previously, we proposed a model for the evolution of group II introns, the retroelement ancestor hypothesis, which predicts that all currently known group II introns were derived from mobile bacterial group II introns (29) . The catalytic RNA structures were proposed to have differentiated in bacteria as components of retroelements, followed by ORF loss in mitochondria and chloroplasts to form the numerous organellar ORF-less introns. The predominant retroelement features of bacterial group II introns discussed here are consistent with this model, although other explanations can be invoked such as migration of introns from organelles to bacteria with subsequent enhancement of retroelement character as an adaptation to the new environment. Assuming that bacterial group II introns are the most primitive, then the absence of ORF-less group II introns in bacteria would also be consistent with a previous speculation that the catalytic RNA structure itself could have been derived from a retroelement as a way of preventing host damage (29, 44) . Finally, the retroelement character of bacterial introns casts an intriguing light on spliceosomal introns. If group II introns began as retroelements and subsequently evolved into spliceosomal introns, then splicesomal introns might be viewed as derivative retrotransposons that very successfully invaded and colonized higher eukaryotic genomes.
NOTE ADDED IN REVISION
Since this manuscript was submitted, the following introns have been reported to GenBank: Streptococcus agalactiae, accession no. AF380672 (3850-5706), bacterial class C, same intron as S.ag.I1 but inserted after a different terminator; Nostoc sp., accession nos AP003604 (45422-47907), AP003599 (30737-33044), AP003600 (259212-261419), all chloroplast-like class 2; Nostoc sp., accession no. AP003600 (333632-335504), chloroplast-like class 2, fragmented intron identical to A.sp.F1. 
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